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The microscopic theory of superconductivity raised the disruptive idea that electrons couple
through the elusive exchange of virtual phonons, overcoming the strong Coulomb repulsion to form
Cooper pairs. Light is also known to interact with atomic vibrations, as for example in the Raman
effect. We show that photon pairs exchange virtual vibrations in transparent media, leading to an
effective photon-photon interaction identical to that for electrons in BCS theory of superconduc-
tivity, in spite of the fact that photons are bosons. In this scenario, photons may exchange energy
without matching a quantum of vibration of the medium. As a result, pair correlations for photons
scattered away from the Raman resonances are expected to be enhanced. Experimental demonstra-
tion of this effect is provided here by time correlated Raman measurements in different media. The
experimental data confirm our theoretical interpretation of a photonic Cooper pairing, without the
need for any fitting parameters.
The Raman effect is explored across disciplines to
expose the chemical and structural characteristics of
molecules and solids. Conversely, this interaction of light
and matter is utilized for the generation of non-linear ef-
fects on photons, a key resource for emerging quantum
technologies. The interaction of light with the motional
excitations of matter is a resource for quantum applica-
tions under intensive recent investigation [1–10].
The Raman effect [11] is described in terms of a shift
in the photon energy due to the inelastic scattering with
matter [Fig. 1(a)]. In the Stokes process [S diagram in
Fig. 1(b)], a redshifted photon emerges as part of its en-
ergy is converted into a quantum of atomic vibration
(phonons for solids; vibrons for molecules or molecular
clusters). A blueshift of the photons by an anti-Stokes
process [aS diagram in Fig. 1(b)] is less frequent, since it
requires the availability of a vibrational excitation.
A photon may also absorb the vibrational excitation
generated by a previous Stokes scattering. While such a
combined Stokes–anti-Stokes process [Real SaS diagram
in Fig. 1(b)] is often obfuscated by the usual single scat-
tering mechanisms, this second-order effect dominates
the anti-Stokes production in the absence of native ther-
mal quanta of vibration [12, 13]. This can be observed
in crystalline systems [6] and molecules [14] with high
vibrational energies (strongly bound atoms of low mass).
The yield of the SaS process is quantified by the cross-
correlation between the number of Stokes photons nS and
anti-Stokes photons naS detected after some time delay τ ,
defined as g
(2)
S,aS(τ) = 〈nS(0)naS(τ)〉/(〈nS(0)〉〈naS(τ)〉).
Recent measurements in different materials [7, 10, 14] in-
dicated a time correlation at zero delay g
(2)
S,aS(τ = 0) be-
yond the maximum classical correlation, indicating that
this is a phenomenon governed by quantum mechan-
ics [15]. This suggests that virtual processes [Virtual SaS
diagram in Fig. 1(b)] may occur [16].
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FIG. 1. (a) Photons from a monochromatic laser are scat-
tered by a molecule into different angles and energies. Lat-
eral features are found in the spectrum, which correspond
to Stokes (redshifted) and anti-Stokes (blueshifted) Raman
peaks. (b) Schematically represented Raman scattering pro-
cesses through phonon mediated photon-photon interactions,
including the usual Stokes (S) and anti-Stokes (aS) scatter-
ing, and a two-step correlated real process (Real SaS) or an
exchange of virtual phonons (Virtual SaS).
In this letter, we show that these virtual SaS pro-
cesses are responsible for the formation of time corre-
lated Stokes-anti-Stokes photon pairs, which are photonic
counterparts of Cooper pairs. We demonstrate this ef-
fect theoretically and experimentally for eight different
materials at room temperature. Exceedingly high time
correlations are obtained regardless of the molecule un-
der study, as long as the photons are coupled by the
exchange of virtual vibrations. The theoretical correla-
tion estimated from the BCS Hamiltonian agrees with
experimental data of time correlations resolved in energy
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2throughout the whole vibrational spectrum without any
fitting parameters.
The exchange of virtual phonons is the mechanism for
Cooper pair formation in the BCS theory of supercon-
ductivity [17]. The BCS hamiltonian rederived for the
case of bosons [18] is written as
Hppint =
∑
k,k′,q
M2qνq
h¯[(ωk − ωk−q)2 − ν2q]
b†k−qb
†
k′+q bkbk′ (1)
where νq is the frequency of the vibrational mode ex-
changed among the photons and ωk is the dispersion re-
lation of the free photon. The momenta q relate to the
momentum transferred to the center of mass in the case of
molecules or to the crystalline momentum of the phonon
for crystals. The coupling strength Mq is independent of
the photon mode k, assuming constant values for each
vibrational mode q. Therefore, the process described in
Eq. (1) consists of two quanta of the incident laser pulse
with wavevectors k and k′, that are inelastically scattered
following momentum conservation. The initial laser field
is in the coherent state |αL〉. Hence, the rate of Raman
photons generated can be evaluated from the simpler ef-
fective Hamiltonian [18] Hint =
∑
k,q ∆(k,q)b
†
k+qb
†
k−q
with
∆(k,q) =
M2qα
2
Lνq
h¯[(ωk − ωk−q)2 − ν2q]
. (2)
Equation 2 is the analogue of the superconducting gap
in the mean field approximation of the BCS hamiltonian
– as long as the laser field is coherent, this transforma-
tion is exact. When negative, the interaction between the
photons is attractive and may be tuned by the intensity
of the laser, which sets the value of α2L. From Eq. (2) we
see that attraction happens when the virtual vibration
has less energy than the real process demands, and re-
pulsion occurs for the opposite case. Either cases may be
observed within the same material, selecting with filters
which pairs of photons will be measured.
As long as the two photons scatter at the molecules
within a certain small time interval ∆t, the energy ex-
changed by the photons may differ from the quantum of
vibration hνq by as much as ∆E ≈ h¯/∆t. Experimental
evidence of Cooper pairing is investigated here by mea-
suring simultaneous pairs of photons scattered at shifts
that violate energy conservation at each separate step,
while conserving total energy in the complete process.
The symbols connected by dotted lines in Fig. 2(a)
show the normalized g
(2)
S,aS(0) measured from distilled
water, for values of Raman shifts including both spec-
trum maxima (generating pairs through the exchange of
both real and virtual vibrations) and away from these
maxima (which are generated solely by virtual vibra-
tions). The absolute measured g
(2)
S,aS(0) values can be
found in [18], but the focus here is on the relative val-
ues among the data. Filled and open circles represent
measurements performed at two different excitation laser
powers, namely ∼ 20 mW (filled circles) and ∼ 40 mW
(open circles) at the sample. The g
(2)
S,aS(0) is gener-
ally 40% lower for the higher excitation laser fluency,
as expected [13]. Superimposed to the g
(2)
S,aS(0) data
points is the corresponding Stokes Raman spectrum from
water (solid green line), allowing the identification of
g
(2)
S,aS(0) measurements in- and off-resonance with vibra-
tional states. Here we observe an enhancement of the
non-classical g
(2)
S,aS(0) values for filters that do not overlap
with a real vibrational mode frequency, thus providing
experimental proof of the virtual SaS process [Fig. 1(b)].
For classical sources of light, the cross-correlation
g
(2)
S,aS(0) is bound by the Cauchy-Schwarz inequality
[g
(2)
S,aS(0)]
2 ≤ g(2)S,S(0) × g(2)aS,aS(0), where g(2)S,S(0) is the
autocorrelation of the Stokes signal, and similarly for
g
(2)
aS,aS(0). This inequality is strongly violated (by or-
ders of magnitude) for both real (see [14]) and virtual
(see [18]) SaS processes.
When the band of the filters is shifted away from the
excitation laser energy, the virtual SaS process dom-
inates, as evidenced by the observed enhancement of
g
(2)
S,aS(0) values in Fig. 2(a). This increase is observed only
for symmetrically shifted filters – an asymmetric shift
suppresses the correlation. The g
(2)
S,aS(0) decays when
the bandpass filters match the water bending vibrational
mode at 1640 cm−1, i.e. when the real SaS process takes
place. Another mild decay in g
(2)
S,aS(0) is observed when
measuring the SaS process in resonance with the combi-
nation mode at 2110 cm−1 (bending plus intermolecular
vibration [19]), which is a rather weak Raman scatterer.
A precipitous g
(2)
S,aS(0) drop is observed when measuring
the SaS process in resonance with the high intensity 3000-
3500 cm−1 Raman band. Therefore, the higher the differ-
ential Raman cross-section, the higher the contribution
of the processes discussed in Figs. 1(b), which actually
washes out the g
(2)
S,aS(0) values. Finally, above 3500 cm
−1
the SaS process is no longer observed and g
(2)
S,aS(0) → 2,
which is the value for thermal light. Above 4,000 cm−1
our measurements for g
(2)
S,aS(0) are no longer conclusive
due to losses in the optical devices and photon counters.
A quantitative comparison between the predictions of
hamiltonian in Eq. (1) and the experimental data may
be obtained by calculating the final state of the photonic
field using a first order perturbative approximation to the
time evolution operator
U(t) ∼= 1+ iHint δt
h¯
. (3)
This evolution takes the initial coherent state of the laser
|αL〉 into a largely unaffected outgoing laser field super-
imposed to a small amplitude of states that contain a
pair of photons symmetrically shifted from the laser fre-
quency ωL. Singling out the states corresponding to pho-
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FIG. 2. Stokes-anti-Stokes correlation function g
(2)
S,aS(0) for different values of Raman shifts. (a) Experimental values are shown
as symbols connected by dotted-lines, at two excitation laser powers (see legend). Each data point was obtained with a pair of
bandpass filters equally spaced from the excitation laser line towards the Stokes and anti-Stokes shifts [18]. The green solid line
represents the Raman spectrum of water, as obtained with the experimental apparatus [18]. The absolute values for correlation
are highly sensitive to instrumental performance, thus we provide here the percentage g
(2)
S,aS(0) with respected to the highest
observed value, all obtained with the same instrumental apparatus (except for the Stokes and anti-Stokes bandpass filters).
The values were also corrected to account for the dependence of the measured g
(2)
S,aS(0) with the band-overlap between Stokes
and anti-Stokes filters, and the bandpass overlaps are shown as horizontal bars, indicated only in one set of data. For the
as measured g
(2)
S,aS(0) values, see [18]. The solid blue line is the correlation calculated within a perturbative BCS approach
[Eq. (3)], using as input the experimental Raman spectrum, without fitting parameters. (b, c) The correlation function g
(2)
S,aS(0)
is calculated (solid red line) within a perturbative BCS approach for a simplified model with only two vibrational modes of
the water molecule [green line in (c)], shown near the real scattering condition (ωk − ωk−q) ≈ 1640 cm−1. We also present as
dashed and dash-dotted lines the numerical solutions to the problem of a single vibrational mode, including two values for the
relaxation time T1.
ton pairs, we obtain the correlation functions. The rela-
tive intensity of the scattering amplitudes for the various
vibrational and librational modes was estimated from the
Stokes Raman spectrum [green line in Fig. 2(a)]. This
spectrum may also be used for a more accurate deter-
mination of the rate of uncorrelated coincidence events
〈nS〉 × 〈naS〉, in which the anti-Stokes intensity is esti-
mated from the Stokes intensity and the Bose-Einstein
distribution of vibrational excitations (a better descrip-
tion may be obtained following Ref. [13]).
The resulting estimate of g
(2)
S,aS(0) is shown as a solid
blue line in Fig. 2(a) for the case of a 20mW excitation
laser power (equivalent agreement is obtained for the 40
mW data). Correlations peak around 2400 cm−1 because
this range of shifts is the furthest from any vibrational
modes of water. The only entry in theory is the Ra-
man spectrum (green line), and the excellent agreement
between theory (blue line) and experiment (circles con-
nected by dashed-lines) without recurring to fitting pa-
rameters proves that virtual phonons are indeed respon-
sible for the formation of the correlated SaS photons.
The intricate behaviour of the correlation due to vir-
tual processes stems from the relatively low symmetry of
the water molecule, leading to a variety of Raman fea-
tures. For a single vibrational mode, the Hilbert space of
phonons and photons is small enough to allow a non-
perturbative numerical solution of the density matrix
time evolution [18]. In this restricted model we may
study the impact of the vibrational mode lifetime T1,
as well as the detailed behaviour near the real scattering
4condition (ωk − ωk−q)2 = ν2q, in which the perturbative
scheme of the BCS theory breaks down.
Figure 2(b) compares qualitatively the numerical re-
sults around the real scattering condition with the per-
turbative BCS theory. Near the real scattering condition,
the time scale ∆t = h¯/∆E becomes comparable to T1,
and the correlation becomes non-monotonic, with a weak
dependence on the exact value of T1. In this neighbor-
hood, the perturbative expansion breaks down and the
BCS results are no longer reliable. At higher shifts the
BCS branch deviates towards lower correlations due to
the stretching vibrational modes [see Fig. 2(c)], not in-
cluded in the numerical simulation.
Figure 2(b,c) also show the BCS solution for a simpli-
fied model of two vibrational modes. The sharp dip in
g
(2)
S,aS(0) reveals that the real processes in Fig. 1(b) jeop-
ardize the correlation. For several Raman modes, these
dips superimpose leading to the complexity observed in
Fig. 2(a). This loss of correlation is not due to a weak-
ening of the virtual process – on the contrary, the gap in
Eq. (2) becomes largest at the vicinity of the real scatter-
ing condition. The validity of the BCS scheme suggested
by the data in Fig. 2(a) is therefore supported by the
numerical results of Fig. 2(b). Notice that even in the
regime where real processes are present, virtual processes
from other vibrational modes may cooperate, leading to
important contributions to the total correlation.
Our conclusion should hold for other transparent me-
dia, crystal or fluid. In fluids, clusters of molecules will
vibrate simultaneously since a photon in a laser pulse
cannot resolve a single molecule – its wavelength is much
longer than the molecular separation. Similarly, the co-
herence length of optical phonons in solids is typically
much smaller than the light wavelength [20], so that the
atoms oscillating in phase occupy a region much larger
than the typical size of the phonons. Therefore this
phenomenon is collective in either case. As shown in
Fig. 3, the results hold for acetonitrile, buthanol, cyclo-
hexane, decane, hexane propanol and toluene. Notice
that acetonitrile has the lowest g
(2)
S,aS(0) value for the
2,100 cm−1 band-pass filter because it is the only sam-
ple with a Raman peak within this energy range. For
the filter at 2,600 cm−1, water, acetonitrile and toluene
have the highest g
(2)
S,aS(0) values (in this order), consis-
tent with their Raman peaks being shifted to higher fre-
quencies, out of the filter band-pass range [see Fig. 3(b)].
The generation of the Stokes-anti-Stokes pairs occurs via
the Cooper pair mechanism, a quantum correlated phe-
nomenon. The decrease in g
(2)
S,aS(0) is related mostly
to an increase in the background caused by accidental
coincidences, rather then by the increase of the SaS-
generation efficiency [18]. An increase in the number of
photons reaching the detector generates more accidental
coincidences – which illustrates the correspondence prin-
ciple in this phenomenon, showing that at the limit of
0
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FIG. 3. Stokes-anti-Stokes correlation function g
(2)
S,aS(0) for
different media. (a) Experimental values for the different me-
dia are shown as different symbols (see legend) for three dif-
ferent Raman shifts. The percentage g
(2)
S,aS(0) with respected
to the highest observed value is shown, also corrected to ac-
count for the dependence of the measured g
(2)
S,aS(0) with the
band-overlap between Stokes and anti-Stokes filters. The hor-
izontal bars indicate the overlap between bandpass filters, and
are shown for only one set of data. (b) Stokes Raman spectra
for the different media, following the same color pattern as in
(a), all normalized to the highest intensity Raman peak. The
unusually broad Raman peaks reflect the use of a femtosecond
laser to excite the samples.
large quantum numbers the quantum correlations disap-
pear and the dynamics becomes classical.
In conclusion, we demonstrated the formation of pho-
tonic Cooper-like pairs in transparent media in general
via the virtual SaS process. At this point, it is not
clear what materials properties influence the ultimate
SaS production efficiency. This is a matter for future
studies. Perhaps the most pressing question left open by
these results is to what extent may the analogy between
this phenomenon and superconductivity be drawn. Re-
markably similar phenomenology was already observed in
non-linear media, such as the dispersion cancellation [21]
and the electromagnetically induced transparency [22].
These could be interpreted as the photonic counterparts
of supercurrents. While one may speculate about appli-
cations enabled by potential further analogies, the phe-
nomenon at hand is already expected to be sufficient for
the creation of pairs of entangled photons that can be
energy tunable, or to detect vibrational modes that may
be silent under regular Raman spectroscopy (due to se-
lection rules) but measurable with SaS processes.
A.J. and F.S.A.J acknowledges financial sup-
port from CNPq (552124/2011-7, 460045/2014-8)
and FINEP(01.13.0330.00). M.F.S. acknowledges
5CNPq (305384/2015-5). B.K. acknowledges CNPq
(304869/2014-7) and FAPERJ E-26/202.915/2015.
A.S. acknowledges CNPq (309861/2015-2). R.M.S
acknowledges FAPERJ (E-05/2016tTXE-05/2016).
Correspondence and requests for materials should be
addressed to A.S. (also@if.ufrj.br) and A.J. (adojo-
rio@fisica.ufmg.br).
∗ These authors contributed equally to the present work.
[1] Kuzmich, A. et al. Generation of nonclassical photon
pairs for scalable quantum communication with atomic
ensembles.Nature 423, 731-734 (2003).
[2] van der Wal, Caspar H., et al. Atomic memory for corre-
lated photon states. Science 301, 196-200 (2003).
[3] Chen, Shuai et al. Demonstration of a stable atom-
photon entanglement source for quantum repeaters.
Phys. Rev. Letters 99, 180505 (2007).
[4] Reim, K. F. et al. Towards high-speed optical quantum
memories. Nature Photonics 4, 218-221 (2010).
[5] Duan, L.-M. Quantum correlation between distant dia-
monds. Science, 334 (6060), 1213–1214 (2011).
[6] Lee, K. C. et al. Entangling Macroscopic Diamonds at
Room Temperature. Science 334, 1253–1256 (2011).
[7] Lee, K. C. et al. (2012). Macroscopic non-classical states
and terahertz quantum processing in room-temperature
diamond. Nature Photonics, 6, 41-44.
[8] Ding, Dong-Sheng, et al. Raman quantum memory of
photonic polarized entanglement. Nature Photonics 9,
332-338 (2015).
[9] Roelli, P., Galland, C., Piro, N., & Kippenberg, T. J.
Molecular cavity optomechanics as a theory of plasmon-
enhanced Raman scattering. Nature Nanotechnology 11,
164-169 (2016).
[10] Riedinger, R. et al. Non-classical correlations between
single photons and phonons from a mechanical oscillator.
Nature, 530, 313–316 (2016).
[11] Raman, C. V. & Krishnan, K. S. A New Type of Sec-
ondary Radiation. Nature 121, 501–502 (1928).
[12] Klyshko, D. N. Correlation between the Stokes and
anti-Stokes components in inelastic scattering of light.
Sov.J.Quantum Electron. 7, 755–760 (1977).
[13] Parra-Murillo, C. A., Santos, M. F., Monken, C. H. & Jo-
rio, A. Stokes-anti-Stokes correlation in the inelastic scat-
tering of light by matter and generalization of the Bose-
Einstein population function. Phys. Rev. B 93, 125141
(2016).
[14] Kasperczyk, M. et al. Temporal Quantum Correlations
in Inelastic Light Scattering from Water. Phys.Rev.Lett.
117, 243603 (2016).
[15] Walls, D. F. Quantum theory of the Raman effect. I. In-
teraction with phonons. Phys. Rev. 237, 224–233 (1970).
[16] This process is completely distinct from four wave mix-
ing (FWM). Some differences include the fact that FWM
generates arbitrary pairs of photons with frequencies f3
and f4 as long as their sum equals the sum of incoming
frequencies f1 + f2 = f3 + f4. The virtual SaS processes
only scatter pairs of photons from an input frequency fin
into symmetric pairs fin ± δ. Moreover, the exchanged
phonons could carry momentum, adding a further vari-
able to the non-linear effect. Finally, common FWM pro-
cesses are directly generated by virtual (or real) electronic
excitations. Virtual SaS processes include the generation
of virtual electronic excitations, but the main ingredi-
ent for the interaction is the phonon, which is absent in
FWM.
[17] Bardeen, J., Cooper, L. N. & Schrieffer, J. R. Microscopic
Theory of Superconductivity. Phys. Rev. 106, 162–164
(1957).
[18] See Supplemental Material at
http://link.aps.org/supplemental/xxxxxxxx, for experi-
mental details, the derivation of the BCS Hamiltonian
and gap and numerical simulations.
[19] Valle´e, Ph., Lafait, J., Ghomi, M., Jouanne, M. &
Morhange, J. F. Raman scattering of water and photo-
luminescence of pollutants arising from solid-water inter-
action. J. of Mol. Structure 651-653, 371–379 (2003).
[20] Beams, R., Canc¸ado, L. G., Oh, S.-H., Jorio, A. &
Novotny, L. Spatial coherence in near-field Raman scat-
tering. Phys. Rev. Lett. 113, 186101 (2014).
[21] Steinberg, A. M., Kwiat, P. G. & Chiao, R. Y. Dispersion
cancellation in a measurement of the single-photon prop-
agation velocity in glass. Phys. Rev. Lett. 68, 2421–2424
(1992).
[22] Fleischhauer, M., Imamoglu, A., & Marangos, J. P. Elec-
tromagnetically induced transparency: Optics in coher-
ent media. Rev.Mod.Phys. 77, 633–673 (2005).
